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The assembly of small objects is important for bottom-up construction of nanostructures as well as the manipulation of cells and biological systems. Atomic force microscopes (AFMs) are well suited for micro-and nano-manipulation because an AFM probe can image topography, be positioned with nm precision, and locally measure pNscale forces. [1] [2] [3] [4] [5] [6] [7] [8] [9] AFMs have been widely applied in lithographic techniques 2 such as DipPen Nanolithography. 3 AFMs have also been used for positioning by sliding an object along a surface, 4, 5 grabbing and placing an object with a pair of AFM probes, 6, 7 and by using electrostatically actuated nanotweezers. 8, 9 Another approach to assembly is using dielectrophoresis (DEP) which is widely used to manipulate cells 10 and nanoscale objects. 11 Coaxial AFM probes that concentrate an electric field near their tip have been useful for scanning near-field microwave 12 and optical microscopy. 13 In this letter, we propose and demonstrate coaxial AFM tweezers (CAT), a tool for 3D manipulation of dielectric objects. A CAT tip consists of two coaxial electrodes: a conducting AFM tip separated from a ground shield by an insulating layer, as shown in Fig. 1(a) . By applying a radio frequency (RF) voltage between the conducting tip and the ground shield, we create an electric field that is strongly peaked at the end of the tip, as shown in Fig. 1 (b) . The electric field gradient attracts dielectric objects using positive DEP, verified by measuring the pull-off force PO F of the CAT on a silicon substrate vs.
the applied root-mean-square voltage V . We use the CAT to demonstrate three dimensional assembly by picking up a single targeted silica microsphere, imaging with the microsphere trapped at the tip of the CAT, and then depositing the microsphere at a desired location.
Dielectrophoresis is well suited for the manipulation of microscale objects. A dielectric sphere of radius a in the presence of an applied electric field E ! will experience a dielectrophoretic force
where P !ˆ and M !ˆ are the complex permittivities of the sphere and medium, respectively, and M ! is the real permittivity of the medium. The coaxial tip is based on positive DEP, where objects are attracted to large electric fields. Adhesion to surfaces, or the "sticky finger" problem, is a significant challenge for the manipulation of microscale objects. The Derjaguin, Muller, and Toporov (DMT) model of adhesion predicts an adhesion force a F DMT ! between a spherical particle of radius a and a plane. 16 For a silica microsphere with a = 500 nm in contact with a silica plane, DMT F ~ 200 nN. 16 Adhesion may be mitigated by working in low humidity or on rough surfaces. 17 Because
! , DEP can overcome adhesion for larger particles, so the CAT is best suited for moving microscale objects or biological cells. To move smaller, truly nanoscale objects, we have proposed a triaxial tip 18 that traps a particle away from the tip surface using negative DEP in a fluid.
We construct coaxial AFM tweezers as shown schematically in Fig. 1 We use silica beads on silicon wafers as a model system to demonstrate imaging and assembly. Polished silicon wafers (Silicon Quest International) were used as a substrate. Some wafers were roughened to reduce adhesion by etching through a layer of photoresist with a reactive ion etch to increase the rms roughness from 0.2 nm to 2.3 nm. 19 Cleaned silica beads (Polysciences, Inc.) of radius 500 = a nm were deposited on the substrate by pipetting on a 20 µL droplet of microspheres suspended in deionized water and allowing the solvent to evaporate in a nitrogen environment. The microspheres are manipulated with relative humidity below 20% to minimize capillary adhesion.
We demonstrate three dimensional assembly of silica beads using the CAT. assembly.
